Chitosan is a natural polymer derived from chitin, a polysaccharide abundant in nature. The application of chitosan as a dressing material for burns presents advantages such as bacteriostatic and fungistatic activity, low toxicity and biocompatibility. In this work, the barrier properties and mechanical strength of chitosan were evaluated for subsequent use as a dressing material. The films were evaluated in terms of their protein adsorption using bovine serum albumin and bovine haemoglobin as model proteins. The chitosan films presented physical properties suitable to be in wound dressings, such as resistance, flexibility in handling, absorptive capacity and water vapour permeation ratio. The results of infrared spectroscopy indicated the qualitative adsorption of proteins on the chitosan surface film. †
INTRODUCTION
The applications of dressing materials have been greatly improved the treatment of burns. After skin damage, wound healing is a complex biological process. The replacement of damaged tissues requires biocompatible materials on which cells are in contact. For example, the material of the prostheses must be compatible with the cells around the place where the prostheses are inserted, or even the material of the dressing must be compatible with the cells of the wound. These dressing materials include natural polymers, such as, polysaccharides. Chitosan is obtained by the deacetylation of chitin. Chitin occurs naturally on several fungi, cuticles of arthropods, endoskeletons of cephalopods and on the outer skeleton of crustaceans. Chitosan is an aminoglucopyranan composed of N-acetylglucosamine (GlcNAc) and glucosamine (GlcN) residues and is a linear polymer having (1-4)-2-acetoamido-2-deoxy-β-D-glucan units. In general, it is described in terms of the degree of deacetylation or degree of acetylation or residual degree of acetyl groups. The most cited advantages of chitosan are the physico-chemical and biological properties, including anti-microbial, anti-inflammatory, anti-tumoural, bacteriostatic, fungistatic and homeostatic activities, and adsorption properties (Paul and Sharma 2004; Notin et al. 2006; Wani et al. 2010 ). Moreover, chitosan shows high capacity towards film forming.
Chitosan films are homogeneous, slightly yellow, flexible, transparent and resistant (Butler 2006; Yoshida et al. 2009 ). The films are characterized by a compact and uniform filmogenic matrix (without defects such as pinholes, macropores and cracks) (Yoshida et al. 2009 ). In contrast, when lipids are emulsified in chitosan film-forming dispersion, the chitosan film can present macropores. The wound-dressing application promotes drainage and prevents the exudates buildup. The porosity (not visual) of chitosan films promotes exchange of gases that is an important process for the wound healing (Ribeiro et al. 2009 ).
In addition to anti-microbial activity, that is interesting for the healing process, chitosan promotes activation and proliferation of inflammatory cells in granular tissues (Alemdaroglu et al. 2006) , stimulates the cell proliferation and histoarchitectural reorganization of the tissue (Muzzarelli 1989) and affects the function of macrophages, thus accelerating the healing process (Balassa and Prudden 1984) . Chitosan showed a substantial decrease in healing time and minimal scarring in several animals (Paul and Sharma 2004) .
Using biodegradable polymers as biomaterials, the interaction of cell-biomaterial can be influenced by the properties of the polymer. The cell adhesion, for example, is often mediated by the adsorption of peptides or proteins. This interaction can determine cell function. Studies have shown that not only cell proliferation, but other processes such as cell differentiation and cell migration depend on the interactions between the surfaces (Lampin et al. 1997; Mooney et al. 1997) . Benesch and Tengvall (2002) attributed the procoagulant behaviour of chitosan to the strong interactions of fibrinogen and other plasma proteins with the chitosan, mainly nonacetylated chitosan.
The aim of this work was to produce chitosan film, evaluate its mechanical and barrier properties (Tables 1 and 2) as well as to qualitatively study two major protein adsorption models, bovine serum albumin (BSA) and bovine haemoglobin (BHb), onto the chitosan film. 
EXPERIMENTAL SETUP
Chitosan (deacetylation degree of 89%) was supplied by Polymar (Fortaleza, Brazil) without previous purification, acetic acid (Synth, Brazil) was used as an acid medium, and BSA and BHb were supplied by Sigma Aldrich (St. Louis, Missouri, U.S.A.).
Chitosan Suspension
Chitosan (2.0%, w/w) was dissolved in acetic acid aqueous solution. The stoichiometric amount of acetic acid was calculated from sample weight, taking into account the value of deacetylation degree to achieve the protonation of all the NH 2 sites (Notin et al. 2006) . The acetic acid-tochitosan ratio used to prepare chitosan solutions was 0.29 g of acetic acid/g of chitosan. The suspension was homogenized for 2 hours to complete the solubilization of chitosan.
Film Formation
The chitosan suspension was poured into polyethylene Petri dishes. Films were dried in a forced air oven at 40 °C for 24 hours. As the mass of the suspension applied onto Petri dishes were kept constant, the total content of the solids per gram of dried films was 0.21g/cm 2 .
Protein Adsorption
BSA and BHb were used in the experiments. The following two-protein suspensions in simulated exudates fluid (SEF) (sodium/calcium chloride solution containing 142 mmol/l of sodium ions and 2.5 mmol/l of calcium ions, values typical of those found in serum and wound fluid) were prepared: BSA, 2 mg/ml and BHb, 1 mg/ml. Film pieces (2 cm × 2 cm) were placed in each 20 ml of these suspensions for 10, 55 and 100 minutes. The suspensions were maintained at 25 °C upon stirring. Next, the films were filtered and rinsed with SEF (20 ml), dried in a forced air oven at 40 °C for 24 hours before the performing the Fourier transform infrared spectroscopy-attenuated total reflection (FT-IR-ATR) analysis. The ATR device allows in getting information about the surface chemical structure. The spectra of chitosan films were recorded (15 scans) on an FT-IR (IRPrestige21 Shimadzu). Samples were analyzed between 650 and 4000 cm -1 with a resolution of 4 cm -1 .
Determination pH at the Point of Zero Charge of the Chitosan Film
The pH at the point of zero charge (pH PZC ) of the adsorbent was determined by the solid addition method as described by Ai et al. (2011) . A digital pH meter (Marconi, Piracicaba, Brazil) was used for pH measurements. Approximately 40 cm 3 of a 0.1 mol/l NaCl solution was transferred to each of a series of 100-ml conical flasks. The initial pH values (pH i ) of each solution (within the range 2 < pH < 12) was adjusted by adding either 0.1 mol/l HCl or 0.1 mol/l NaOH as necessary. The total volume of the solution in each flask was adjusted to exactly 50 ml by adding NaCl solution. Then, 0.12 g of the chitosan film was added to each flask and the mixtures were agitated at 60 rpm. After 48 hours, the final pH values (pH f ) of the solutions were measured. The difference between the pH i and pH f values (∆pH = pH i -pH f ) was plotted against the value of pH i . The point of intersection with the abscissa of the resulting curve, at which ∆pH = 0, gave the pH PZC value.
Mechanical Properties
Tensile testing was performed according to ASTM standard method D882 (ASTM 1995). Films were cut into 10.00 cm × 2.54 mm strips. The tensile strength (TS) and elongation at break, Young's modulus were measured using TexturePro CT V1.2 (Brookfield, CT3 50 K Texturometer). The crosshead speed was set at 1 mm/s. Samples were pre-conditioned in a desiccator at 75% relative humidity (RH) for 48 hours. There were at least 10 repetitions per experiment (Table 2) .
Fluid Handling Capacity
The fluid handling capacity (FHC) [defined as the sum of the absorbency (ABS) and moisture vapour transmission rate (MVTR)] of the film was examined according to the European Standard BS EN 13726-1 for hydrocolloids and dressings (BS EN 2002) . In this test, five samples of each film (or dressing) are applied to modified Paddington cups, to which 20 ml of SEF are added. The cups are weighted using a calibrated analytical balance, inverted and placed in a temperature-and humidity-controlled incubator that is used to maintain an environment of 37 ± 2 °C and an RH below 20% for a period of 24 hours. The cups were inverted so that the dressing came into contact with sodium/calcium solution. At the end of the test, the cups were removed from the incubator, and were allowed to equilibrate at room temperature for a period of 30 minutes before reweighing on the analytical balance. The FHC, ABS and MVTR were calculated by the following equations:
(1)
( 3) where x is the complete system weight (film + SEF solution + cup) at the beginning of the test; y is the complete system weight (film + SEF solution + cup) after 24 hours; b is the film weight at the beginning of the test; a is the film weight after 24 hours.
Water Vapour Permeability
Water vapour permeability (WVP) and water vapour transmission rate (WVTR) of the films were determined using the ASTM gravimetric standard method E96-00 (ASTM 2000) . The films were fixed on the top of test cells containing a desiccant (silica gel). Test cells were placed in a chamber with controlled temperature and RH (37 °C and 75% RH). Permeation cells were weighed at least four times during 24 hours of incubation, and then the acquired weight was used to calculate the WVP. There were at least five repetitions per experiment. Linear regression was used to fit the data, weight gain versus time, and to calculate the slope of the resulting straight line in g h -1 . WVP and WVTR of the films were calculated as follows:
(4)
where G is the weight gain of the cup (g) at time t (hours); e is the film thickness (m); A is the exposed area of film (m 2 ); P is the vapour pressure based on the chamber temperature and (R 1 -R 2 ) is the difference between the RH inside and outside the cup.
Scanning Electron Microscopy
Scanning electron microscopic (SEM) analysis was performed on fractured cross-sections and surface of gold-sputtered films using a LEO 440i scanning electron microscopy (LEO Electron Microscopy Ltd.) with 10 kV and 100 pcA.
RESULTS AND DISCUSSION
The films were easily peeled off from the cast plate. SEM images of the cross-sectional area reveal a compact and uniform structure on chitosan films (Figure 1) . No macropores and no cracks were observed. According to Thomas and Young (2008) , the moisture of new tissue must be controlled to reach the optimum rate of wound healing. Variations on the moisture content of damaged tissue or skin affect the wound healing process. The excess of fluid may cause maceration or infection. If the wound becomes too dry, scaring can be compromised. Lamke et al. (1977) , cited by Thomas and Young (2008) , reported that third-degree burns, donor sites and unspecified granulating wounds are generated between 3.4 and 5.1 g exudate/10 cm 2 /24 hours. In order to apply a dressing for burns it is necessary to provide absorption of exudate to keep them moist, especially to be able to allow the passage of exudate that is to be present. The MVTR must be greater than the production of exudate in the application site. Regarding the dressing application of films in thirddegree burns, and considering the production of exudate, the film showed MVTR very close to the rate of exudate production. However, MVTR and ABS presented similar results for commercial dressing obtained by Thomas and Young (2008) , who also used the same technique. They found that ABSs were 3.44 ± 0.04 g/10 cm 2 /24 hours and 4.32 ± 0.04 g/10 cm 2 /24 hours, respectively, for Allevyn Adhesive dressings and ActivHeal. The MVTR was 12.35 ± 0.42 g/10 cm 2 /24 hours for Allevyn Adhesive dressing that is much greater than that verified in this work. In contrast, our result is greater than 1.67 ± 0.11 g/10 cm 2 /24 hours for ActivHeal.
The WVTR of chitosan films presented lower values as compared with MVTR. Permeability is associated with diffusivity and solubility of permeation through the solid matrix. Thomas and Young (2008) compared the water permeation in high humidity and dry conditions. In conditions of high humidity, the dressing was in direct fluid contact, but in dry conditions, the dressing was not in contact with the fluid. The WVTR was significantly reduced in dry conditions. The ideal WVTR for dressing is 2.5 g/10 cm 2 /24 hours, but there are WVTR of commercial dressing in a range of 0.9 g/10 cm 2 /24 hours (Wu et al. 1995) .
The RH and temperature significantly affect the WVP and WVTR, and therefore, the comparison makes sense when the temperature and humidity are the same. Pereda et al. (2011) determined the WVP of chitosan films at 65% RH (T = 23 °C), and found that the WVP is approximately 19 g/m·s·Pa, which is the same order of our WVP. An increase in temperature promotes an increase in vapour pressure, which also means a reduction in WVP according to equation (4). Moreover, according the same equation, a reduction in RH produces an increase in WVP what could explain the difference between the results.
TS and elongation at break, and Young's modulus were investigated (Table 2 ). TS at break is a very important property for selecting diverse applications and manufacturing process of polymer. Elongation at break is related to elastic and brittle characteristics of the film. These properties are related to inter-and intra-molecular cross-linking in filmogenic matrix. The Young's modulus indicates the material rigidity (Robertson 1993) .
The mass of solids-to-area ratio that is cast during the preparation of the films is a determining factor in mechanical properties of the films, because their thickness is affected by the ratio. Most work does not provide information about the ratio used in the preparation of the films. The elongation is very close to those found in the literature for chitosan films. Vargas et al. (2009 ), Sanchez-Gonzalez et al. (2010 used chitosan 1% w/w to prepare the film-forming dispersion and they found elongation values equal to 17% and 22%, respectively. In contrast, Pereda et al. (2011) and Pereda et al. (2012) used the same concentration of chitosan (2% w/w) to prepare the filmforming dispersion and reported elongation values of 44.2% and 19.55%, respectively. This result also corroborates with the importance of considering the mass of solids-to-area ratio. The above mentioned studies did not present such a ratio. TS is also in accordance with the results presented by Sanchez-Gonzalez et al. (2010) and Bonilla et al. (2012) despite both of them using chitosan 1% w/w to prepare the film-forming dispersion. The Young's modulus is in accordance with the values verified by Pereda et al. (2012) . Figure 2 depicts the IR spectra for chitosan film before and after protein adsorption at different times.
The protein adsorption promotes a decrease in the peak intensity between 1000 and 1100 cm -1 . The higher the adsorption time, the higher the decrease. According to Duarte et al. (2000) , these peaks correspond to aliphatic amino group (1070-1100 cm -1 ), primary alcohol stretching vibration (1060 cm -1 ) and ether group stretching vibration (1090 cm -1 ). Beppu et al. (2007) also observed a decrease in the peak intensity of aliphatic amino group after crosslinking the chitosan film with glutaraldehyde, which indicates that the amino groups are blocked with aliphatic chains. Despite no cross-linking between the chitosan film and proteins, we could say that the amino group is blocked by one functional group of the protein, which presents favourable interaction between the chitosan and proteins. We can also noticed that the peaks between 1000 and 1100 cm -1 for BSA decreased in 10 minutes, but such decreases appeared in 55 minutes for BHb.
In the case of BSA, the protein adsorption onto the chitosan film is also confirmed by the new peaks between 1200 and 1250 cm -1 that is also presented in the spectra of pure BSA. Such peaks represent the C = O stretching at the carboxylic group in amino acids. However, in the case of haemoglobin, the adsorption does not promote this peak, which probably shows the interaction between chitosan and this carboxylic group.
The isoelectric points are 4.8 (Liu et al. 2002 ) and 6.8 (Kopeć et al. 2011) for BSA and BHb, respectively. By contrast, the pH's of protein solution were 6.89 and 6.59 for BSA and BHb solutions, respectively. In these conditions, we can affirm that BSA is negatively charged and BHb is positively charged. Moreover, the pH ZPC for the chitosan film was 6.08, and therefore in both solutions the film was negatively charged. Based on electrostatic interactions, it is can be ascertained that the interaction between BHb and chitosan film is larger than the interaction between BSA and chitosan film. This can be confirmed by the decrease of intensity in many peaks of the spectra of the films after BHb adsorption, which was not observed for BSA.
CONCLUSIONS
Chitosan film showed mechanical and barrier properties suitable for use in dressings. The proteins showed high affinity for chitosan film, but further investigation is need to determine correlations between the physical and chemical properties of the film as well as in vitro and in vivo tests. 
